Introduction {#Sec1}
============

Polycythemia vera (PV) is a myeloproliferative neoplasm characterized by erythrocytosis and activating somatic mutations in *Janus kinase (JAK) 2* \[[@CR1]\]. Downstream JAK/signal transducer and activator of transcription signaling is constitutively activated by the *JAK2* p.V617F mutation, which is present in approximately 95% of patients with PV \[[@CR2]\]. Higher levels of *JAK2* p.V617F allele burden are associated with indicators of more severe disease, including leukocytosis, splenomegaly, and increased risk for thrombosis \[[@CR3]\]; however, correlations between allele burden reduction and clinical benefit in PV have not been extensively evaluated in a randomized trial.

The Randomized Study of Efficacy and Safety in Polycythemia Vera With JAK Inhibitor INCB018424 Versus Best Supportive Care (RESPONSE) is a global, multicenter, open-label, phase 3 trial comparing the efficacy and safety of the JAK1/JAK2 inhibitor ruxolitinib with best available therapy (BAT) in patients with PV who are resistant to or intolerant of hydroxyurea \[[@CR4]\]. Ruxolitinib was superior to BAT in controlling hematocrit (Hct), reducing spleen volume, and improving symptoms in patients with PV. The evaluation of allele burden changes in the RESPONSE trial was a predefined exploratory end point. Protocol-specified analyses demonstrated that ruxolitinib treatment was associated with decreases in *JAK2* p.V617F allele burden. At week 32, patients in the ruxolitinib treatment arm experienced a mean percentage change from baseline in *JAK2* p.V617F allele burden of --12.2%; in comparison, the *JAK2* p.V617F allele burden increased a mean of 1.2% in patients randomized to BAT \[[@CR4]\]. At week 80, the percentage change in *JAK2* p.V617F allele burden from baseline was −22.0% among patients originally randomized to ruxolitinib \[[@CR5]\]. Among patients who crossed over from BAT to ruxolitinib, the *JAK2* p.V617F allele burden had changed by a mean of −6.7% at 48 weeks after crossover \[[@CR5]\]. In the ruxolitinib group, *JAK2* p.V617F allele burden decreased steadily during the study; the maximal mean change from baseline (measured at week 112) was −34.7%.

The objectives of this exploratory analysis of the RESPONSE trial were to evaluate in greater detail the effect of long-term ruxolitinib treatment on *JAK2* p.V617F allele burden, to explore the relationship between allele burden changes and clinical outcomes, and to further characterize the mutational profile of patients with PV.

Methods {#Sec2}
=======

Study design and patients {#Sec3}
-------------------------

The design of the RESPONSE trial ([ClinicalTrials.gov](http://clinicaltrials.gov) identifier, NCT01243944) has been reported in detail elsewhere \[[@CR4]\]. Briefly, patients with PV and spleen volume ≥450 cm^3^ who had not undergone prior JAK inhibitor therapy and were resistant to or intolerant of hydroxyurea were randomized 1:1 to ruxolitinib (initial dosage, 10 mg twice daily) or BAT; dose modification was permitted. BAT options included hydroxyurea (at a dose that did not cause unacceptable side effects), interferon (IFN) or pegylated (PEG) IFN, pipobroman, anagrelide, immunomodulators (e.g., lenalidomide, thalidomide), phlebotomy, or no medication. Phosphorus-32, busulfan, and chlorambucil were prohibited. In cases of lack of response or toxicity requiring drug discontinuation, a change of BAT was permitted. Patients also received low-dose aspirin unless its use was medically contraindicated. At week 32, crossover from BAT to ruxolitinib was permitted if the primary end point had not been met; crossover was also permitted after week 32 in cases of disease progression.

The primary end point of the study was the proportion of patients who had both Hct control and a reduction in spleen volume of ≥35% from baseline at week 32. Hct control was defined as phlebotomy ineligibility from weeks 8 to 32 and ≤1 instance of phlebotomy eligibility between randomization and week 8. Patients were considered eligible for phlebotomy if they had a confirmed Hct \>45% that was ≥3 percentage points higher than their baseline Hct level or a confirmed Hct \>48%, whichever was lower (confirmed 2--14 days after the initial observation).

The study was conducted in accordance with the Declaration of Helsinki. Each participating site's institutional review board reviewed and approved the study, and all patients provided written informed consent before inclusion in the study.

Assessment of allele burden {#Sec4}
---------------------------

Evaluating changes in *JAK2* p.V617F allele burden was a predefined exploratory objective of the RESPONSE trial. Blood samples for *JAK2* p.V617F allele burden quantitation were drawn from each patient at baseline; at weeks 32, 56, 80, 112, 144, 176, and 208; at the crossover visit, if applicable; and at the end of treatment visit. Genomic DNA samples were isolated from peripheral blood using previously validated methods \[[@CR6]\].

This post hoc analysis measured the *JAK2* p.V617F allele burden in peripheral blood with a limit of detection of 1% *JAK2* p.V617F and a lower limit of quantitation (LLOQ) of 2% *JAK2* p.V617F \[[@CR6]\]. *JAK2* p.V617F allele burden was defined as the percentage of mutant allele present relative to the total (i.e., wild-type plus mutant). Changes from baseline in *JAK2* p.V617F allele burden among patients randomized to ruxolitinib and those who crossed over from BAT to ruxolitinib were reported up to week 208; for the crossover cohort, baseline allele burden was defined as the last observation before receiving ruxolitinib. Changes from baseline in *JAK2* p.V617F allele burden were also evaluated in subgroups of patients who had and who did not have IFN treatment before study enrollment and in patients randomized to IFN as BAT who crossed over to ruxolitinib.

The *JAK2* p.V617F mutation was detected by real-time PCR or high-resolution melting analysis. Deep sequencing based on the Ion Torrent™ Personal Genome Machine™ (PGM) System (Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to analyze mutations in 22 genes associated with the JAK/STAT pathway (*JAK1*, *JAK2* \[other than *JAK2* p.V617F\], *JAK3*, *EZH2*, *ASXL1*, *TET2*, *IDH1*, *IDH2*, *CBL*, *SRSF2*, *DNMT3A*, *NFE2*, *SOCS1*, *SOCS2*, *SOCS3*, *SH2B3*, *STAT1*, *STAT3*, *STAT5A*, *STAT5B*, *SF3B1*, and *U2AF1*). Ion Torrent PGM data were aligned against the human genome (version 19) using NextGENe® software 2.3.1 (SoftGenetics, LLC, State College, PA, USA). Mutations were confirmed using conventional sequencing methods. Mutations in *CALR* were analyzed using high-resolution capillary electrophoresis and confirmed with Sanger sequencing.

Complete molecular response (CMR) and partial molecular response (PMR) were defined using the International Working Group--Myeloproliferative Neoplasms Research and Treatment/European LeukemiaNet consensus criteria \[[@CR7]\]. CMR was defined as reduction of the *JAK2* p.V617F allele burden to below the LLOQ for patients who had an allele burden above the LLOQ at baseline (i.e., a 100% reduction in allele burden from baseline). PMR was defined as achieving ≥50% reduction in *JAK2* p.V617F allele burden for patients who had ≥20% allele burden at baseline.

Potential associations with clinical outcomes were evaluated by analyzing reductions in the *JAK2* p.V617F allele burden and relationships to changes in spleen volume, Hct levels, white blood cell counts, and platelet counts at last observation. These evaluations were also conducted in subgroups of patients who experienced a *JAK2* p.V617F allele burden reduction \<20 versus ≥20%.

Statistics {#Sec5}
----------

This was an exploratory analysis of *JAK2* p.V617F allele burden assessments obtained during the RESPONSE trial and was not designed to address specific hypotheses related to *JAK2* p.V617F allele burden or other biomarkers. All data in the current analysis were summarized descriptively.

Results {#Sec6}
=======

Patients and baseline characteristics {#Sec7}
-------------------------------------

Baseline *JAK2* p.V617F status data were available for 215 of 222 patients initially randomized in the RESPONSE trial. Of 215 patients with baseline *JAK2* p.V617F allele assessments, 104 of 107 patients initially randomized to ruxolitinib and 107 of 108 patients randomized to BAT were *JAK2* p.V617F-positive (Table [1](#Tab1){ref-type="table"}). Ninety-seven patients in the BAT arm crossed over to ruxolitinib and were evaluable for *JAK2* p.V617F allele burden. Median (range) time to crossover in these patients was 34.0 weeks (31.0--53.1). The mean (SD) treatment duration was 25 months (10) and 8 months (2) for patients originally randomized to ruxolitinib and BAT, respectively. Of the patients who received IFN treatment before randomization (ruxolitinib arm, *n* = 18; BAT arm, *n* = 16), the majority (*n* = 11 and *n* = 15, respectively) received non-PEG IFN only.Table 1Demographics and baseline characteristics for patients with baseline *JAK2* p.V617F assessmentRuxolitinib (*n* = 107)BAT (*n* = 108)*JAK2* p.V617F mutation-positive, *n* (%)104 (97.2)107 (99.1)  *JAK2* p.V617F allele burden^a^, median (range), %82.5 (10.0--96.0)84.0 (6.0--97.0)Median (range) age (years)62 (34--90)60 (33--84)Men, *n* (%)64 (59.8)77 (71.3)Median (range) duration of disease (months)101 (6--427)116 (7--271)Mean (SD) treatment duration (months)25 (10)8 (2)Prior IFN treatment, *n* (%)18 (16.8)16 (14.8) Non-pegylated only11 (10.3)15 (13.9) Pegylated only5 (4.7)1 (0.9) Both2 (1.9)0Median (range) spleen volume (cm^3^)1202 (396--4631)1307 (254--5147)*BAT* best available therapy, *IFN* interferon^a^Allele burden (defined as the ratio of mutant to wild-type *JAK2* p.V617F in hematopoietic cells) was reported among patients who were *JAK2* p.V617F mutation-positive at baseline

Among patients with extensive mutational analyses (*n* = 151), the percentage with ≥2 mutations in the 24 genes tested at baseline was 36.5% (27/74) in the ruxolitinib arm and 36.4% (28/77) in the BAT arm.

Change from baseline in *JAK2* p.V617F allele burden {#Sec8}
----------------------------------------------------

The percentage change from baseline in *JAK2* p.V617F allele burden at week 32 for individual patients is detailed in Fig. [1](#Fig1){ref-type="fig"}. Three patients in the ruxolitinib arm and one patient who received hydroxyurea in the BAT arm had a ≥50% reduction in allele burden at week 32.Fig. 1Change from baseline in *JAK2* p.V617F allele burden at week 32 in patients randomized to ruxolitinib and to BAT. *BAT* best available therapy

Overall, patients randomized to ruxolitinib had consistent allele burden reductions from baseline to week 208 (mean percent change, −40.0%; Fig. [2](#Fig2){ref-type="fig"}). The mean percentage change from baseline at week 32 in the BAT arm was 1.2%. Allele burden declined consistently over time for patients who crossed over to ruxolitinib (mean percent change, −13.0% at week 176).Fig. 2Mean change from baseline in *JAK2* p.V617F allele burden with long-term treatment in patients randomized to ruxolitinib and to BAT before and after crossover. \*: In the ruxolitinib crossover arm, baseline allele burden was defined as the final assessment before crossing over from BAT to ruxolitinib. †: If there were \<5 data points at a visit within a treatment group, data were excluded from the figure. *BAT* best available therapy

The mean *JAK2* p.V617F allele burden at baseline was similar between patients who did and did not have prior IFN treatment (ruxolitinib, 72.1 vs 74.5%; BAT, 88.2 vs 72.0%, respectively). All 13 patients originally randomized to IFN as BAT crossed over to ruxolitinib. After crossover, 8 experienced allele burden decreases, 3 experienced allele burden increases, 1 had no change, and 1 did not have data available (Fig. [3](#Fig3){ref-type="fig"}a). Among patients treated with IFN as BAT, the mean maximal reduction in allele burden from baseline after crossover was 25.6% compared with 6.6% before crossover (Fig. [3](#Fig3){ref-type="fig"}b).Fig. 3*JAK2* p.V617F allele burden before and after crossover in patients initially treated with IFN as BAT (*n* = 13). **a** Percentage change in *JAK2* p.V617F allele burden over time for individual patients. **b** Mean maximal percentage change in *JAK2* p.V617F allele burden before versus after crossover. *BAT* best available therapy, *IFN* interferon

The mean (SD) maximal reductions in allele burden in the ruxolitinib-randomized and crossover arms were −35.9% (29.7%) and −21.2% (30.7%), respectively; the median times to maximal reduction of allele burden were 25.9 and 18.2 months. The maximum percentage change from baseline in allele burden for individual patients is summarized in Fig. [4](#Fig4){ref-type="fig"}.Fig. 4Maximum percentage change from baseline in *JAK2* p.V617F allele burden in patients in the ruxolitinib-randomized and ruxolitinib crossover groups. The *dotted line* represents a 50% reduction in *JAK2* p.V617F allele burden from baseline. \*: In the ruxolitinib crossover arm, baseline allele burden was defined as the final assessment before crossing over from BAT to ruxolitinib. *BAT* best available therapy

Seven patients had a ≥90% reduction from baseline in *JAK2* p.V617F allele burden (ruxolitinib arm, *n* = 6; ruxolitinib crossover arm, *n* = 1; Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Patients with ≥90% reduction from baseline in *JAK2* p.V617F allele burden. Six ruxolitinib-randomized patients and one ruxolitinib crossover patient (*blue*, before ruxolitinib crossover; *red*, after crossover) had reductions in *JAK2* p.V617F allele burden of ≥90% from baseline. *BAT* best available therapy

Molecular response {#Sec9}
------------------

Three patients who received ruxolitinib (ruxolitinib-randomized, *n* = 2, at 142.6 and 144.1 weeks; ruxolitinib crossover, *n* = 1, at 123.0 weeks) had a CMR; no patients experienced a CMR while receiving BAT (Table [2](#Tab2){ref-type="table"}). A PMR was observed in 33 ruxolitinib-randomized patients and 1 patient randomized to BAT; an additional 20 patients experienced a PMR after crossover to ruxolitinib. Median times to PMR were 112.0 and 91.9 weeks in the ruxolitinib-randomized and ruxolitinib crossover arms, respectively; time to PMR was 32.0 weeks in the 1 BAT patient. Among patients who experienced a CMR or PMR and had evaluable mutation data, the most common non-*JAK2* mutations at baseline were in the *ASXL1* and *TET2* genes (Table [3](#Tab3){ref-type="table"}).Table 2Molecular response (IWG-MRT/ELN criteria)^a^Ruxolitinib-randomized (*n* = 102)Ruxolitinib crossover (*n* = 94)BAT (*n* = 85)CMR, *n* (%)2 (2.0)1 (1.1)0 Median time to CMR (weeks)143.4123.0N/APMR, *n* (%)33 (32.4)20 (21.3)1 (1.2) Median time to PMR (weeks)112.091.932.0*BAT* best available therapy, *CMR* complete molecular response, *IWG-MRT/ELN* International Working Group--Myeloproliferative Neoplasms Research and Treatment/European LeukemiaNet, *N/A* not applicable, *PMR* partial molecular response^a^Among patients with a positive *JAK2* p.V617F mutation at baseline and ≥1 postbaseline assessment of allele burden Table 3Baseline mutation status in patients with molecular responseRuxolitinib-randomizedRuxolitinib crossoverMutation^a^, *n* (%)CMR (*n* = 2)PMR (*n* = 24)NMR (*n* = 49)CMR (*n* = 1)PMR (*n* = 16)NMR (*n* = 50)*ASXL1*1 (50.0)2 (8.3)1 (2.0)005 (10.0)*TET2*1 (50.0)3 (12.5)11 (22.4)1 (100)2 (12.5)10 (20.0)*JAK2* (other than *JAK2* p.V617F)03 (12.5)1 (2.0)002 (4.0)*JAK3*01 (4.2)0000*SOCS1*01 (4.2)1 (2.0)001 (2.0)*STAT5A*001 (2.0)01 (6.3)1 (2.0)*CMR* complete molecular response, *NMR* no molecular response, *PMR* partial molecular response^a^No mutations were identified in the following genes among patients with a molecular response: *CALR*, *CBL*, *DNMT3A*, *EZH2*, *IDH1*, *IDH2*, *JAK1*, *NFE2*, *SF3B1*, *SH2B3*, *SOCS2*, *SOCS3*, *SRSF2*, *STAT1*, *STAT3*, *STAT5B*, and *U2AF1*

Clinical outcomes {#Sec10}
-----------------

In the ruxolitinib-randomized and crossover groups, approximately 80% of patients with an allele burden reduction from baseline to last available observation of ≥20% also had a ≥35% reduction from baseline to last observation in spleen volume. However, \<40% of patients whose allele burden was reduced by \<20% also had a ≥35% reduction in spleen volume (Table [4](#Tab4){ref-type="table"}).Table 4Final percentage reduction from baseline in *JAK2* p.V617F allele burden and spleen volumeRuxolitinib-randomizedRuxolitinib crossover*JAK2* p.V617F allele burden reduction≥20% (*n* = 52)\<20% (*n* = 47)≥20% (*n* = 32)\<20% (*n* = 60)Spleen volume reduction, *n* (%) ≥35%45 (86.5)18 (38.3)25 (78.1)20 (33.3) \<35%7 (13.5)29 (61.7)7 (21.9)40 (66.7)Only patients with baseline and postbaseline values for both spleen volume and allele burden were included

No strong relationship was observed between the reduction of allele burden and the reduction of spleen volume from baseline to last available observation (Fig. [6](#Fig6){ref-type="fig"}).Fig. 6Final percentage change from baseline: spleen volume versus *JAK2* p.V617F allele burden in patients randomized to ruxolitinib versus those randomized to BAT who later crossed over to ruxolitinib. Each *dot* represents an individual patient. *BAT* best available therapy

No correlations were observed between allele burden changes and changes in select laboratory parameters (Hct levels, white blood cell counts, and platelet counts; Supplementary Fig. [1](#MOESM1){ref-type="media"}).

Discussion {#Sec11}
==========

This post hoc analysis of allele burden data from the RESPONSE trial showed that patients who received ruxolitinib had greater reductions in allele burden than patients who received BAT. The degree to which ruxolitinib-associated reductions in *JAK2* p.V617F allele burden may correspond with improved clinical outcomes remains unclear. Patients treated with ruxolitinib who had more pronounced allele burden reductions (i.e., ≥20 vs \<20% reduction from baseline to last observation) generally experienced greater spleen volume reductions; however, further studies are required to confirm this finding. Relationships between *JAK2* p.V617F allele burden changes and hematologic parameters of disease control, such as Hct levels, white blood cell counts, and platelet levels, were not observed.

Previous studies of PEG IFN-α2a found that many patients with PV who achieved a molecular response with PEG IFN-α2a also experienced reductions in *JAK2* p.V617F allele burden after 6 months of treatment \[[@CR8]--[@CR10]\]. In the current analysis, patients experienced molecular responses irrespective of when ruxolitinib was initiated during the disease course or whether there had been previous therapy with IFN.

Although the use of phase 3, randomized data for allele burden evaluations in patients with PV is novel, it is important to underscore that the strength of evidence for this post hoc analysis is limited. Furthermore, blood samples collected to evaluate allele burden were not intended for evaluations of molecular response or correlations with clinical outcomes.

Collectively, the data from this exploratory analysis suggest that ruxolitinib treatment (in randomized and crossover treatment arms) for up to 4 years provided progressive reductions in *JAK2* p.V617F allele burden in patients with PV who were resistant to or intolerant of hydroxyurea. Further research will be required to determine whether ruxolitinib-induced reductions in *JAK2* p.V617F allele burden correlate with clinically relevant improvements in patient outcomes.
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